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Abstract 
Cold-water geysers at Green River, in east central Utah are sourced by natural springs situated along the Little Grand Wash and 
Salt Wash faults zones, as well as abandoned oil and water wells. The intermittent geysers are driven by degassing of CO2 from 
CO2-rich waters sourced from the Jurassic Navajo sandstone. Here we discuss use of į13C analyses of water and gases to estimate 
the depth at which the ascending waters become CO2 saturated. This is a potentially important control in the unlikely event of 
rapid CO2 escape from CO2 reservoirs. In Green River, it is also important for calculation of the kinetics of fluid-mineral 
reactions in the Navajo sandstone as an analogue for predicting the fate of CO2 in carbon storage reservoirs 
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1. Introduction 
Natural subsurface CO2 accumulations, which evolve over geological timescales, provide the only direct 
evidence of the processes, which may determine the long-term fate of anthropogenic CO2 stored in geological 
reservoirs [1, 2]. They also provide information on the processes and environmental consequences of CO2 leakage 
from the reservoirs [3]. 
In this study, we use carbon isotopic compositions combined with fluid chemistry in an attempt to model the 
depth at which natural CO2-rich formation waters initiate degassing on rapid ascent to the surface. If fluids do 
escape from anthropogenic CO2 reservoirs, the depth and nature of CO2 degassing would be important for 
accelerating CO2 escape. Further, the evolution of fluid chemistry in the source Navajo sandstone places important 
constraints on fluid-mineral reaction kinetics and, the state of CO2 saturation in the reservoir is a rate-controlling 
parameter [4].  
The leaking natural CO2 system under study is located at Green River, Utah, situated within the Paradox Basin. 
The Little Grand Wash and Salt Wash fault zones allow CO2 to escape to the surface through intermittent geysers, 
springs and seeps, accompanied by leakage along abandoned oil and water exploration wells. This is one among a 
number of major natural accumulations of CO2, which occur in the Colorado Plateau [5], the majority of which do 
not leak. Travertine deposits associated with active and fossil Green River springs along the fault zones have been 
dated back to 100,000 years and possibly as old as ~ 300,000 years (pers. com. Burnside, 2007). The temperatures 
of CO2-charged waters are consistent with their derivation from the ~500 m-deep Navajo Sandstone [6]. Helium and 
carbon isotopic ratios suggest that the CO2 is derived from crustal sources, either from clay-carbonate diagenetic 
reactions occurring during the burial of the Colorado Plateau, or from metamorphic reactions at the locations of 
igneous intrusions [7]. We have sampled and analyzed waters and CO2 gas phase from a number of geysers and 
springs in the Green River area. The most spectacular geyser, Crystal Geyser, was formed in the borehole of an oil 
exploration well drilled in the 1930’s through the Little Grand Wash fault zone. Large eruptions, approximately 15m 
in height, occur periodically every 9 to 16 hours and small bubbling events, which expel a significantly smaller 
volume of gas and fluid, have a higher frequency, occurring every 20-30 minutes [8]. 
2. Methods 
Carbon isotopic analyses were performed in the Godwin lab (Cambridge University). The δ13C of the Dissolved 
Inorganic Carbon (δ13CDIC) and DIC concentrations of the spring and geyser waters were measured by H3PO4 
acidification, using a gas chromatography-isotope ratio mass spectrometer [9]. The  δ13CDIC values are quoted 
relative to the PDB scale, δ13C values and DIC concentrations are determined to a precision (1σ) better than ± 0.1‰ 
and about 15% of the measured value, respectively. 
The free gas phase was collected by a funnel and fed into the copper sample tube, which was sealed with two 
valves, after flushing for at least 15 minutes with the exhaust gas vented under water. The gas samples were 
analyzed on a PRISM mass spectrometer using a cajon connector. An aliquot of the gas was expanded into the 
sample side of the dual inlet mass spectrometer and left to equilibrate for a few minutes. The inlet volume was then 
isolated, balanced, measured with reference to a CO2 standard, ‘Craig corrected’ and calibrated to VPDB. The 
precision of į13CCO2 analysis is better than 0.10 ‰. 
3. Results and discussion 
Water samples from Crystal Geyser, collected through an eruptive cycle, exhibit anti-correlated į13CDIC values 
and DIC concentrations, ranging from -0.94 to -0.19‰ and from 119 to 82 mmol/l, respectively (Figure 1). The 
δ13CCO2 measurement is about -7.3‰. These values compare with the range of į13CDIC values between -1.8 to +0.7 
‰ and į13CCO2 values between -6.6 to -7.6 ‰, exhibited by the other samples from the Green River area. The 
carbon isotopic fractionation between the gas and the fluid phases (ΔCO2-DIC = į13CCO2 - į13CDIC) is about -6.4‰ for 
Crystal Geyser and ranges from -4.8 to -7.5 ‰ for the other springs. As gas bubbles are large and rise rapidly during 
geyser events and diffusive re-equilibration with water would be minor during the rise times of minutes, the carbon 
isotopic compositions of gas samples collected at the surface are presumed to reflect the weighted average of gas 
degassed over the whole degassing interval (‘total CO2’). The carbon isotopic compositions of the DIC are 
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presumed to reflect their near surface values, as degassing is rapid during water decompression and measured DIC 
concentrations are only marginally in excess of surface pressures (1.1 to 1.5 bars).    
Rayleigh distillation, with a carbon isotopic fractionation between the DIC and the CO2 (Δ13CCO2-DIC) of about 
4‰, fits the range of DIC-į13CDIC values to a first order (Figure 1). At such measured pH (6.4), there is about 45% 
of HCO3- and 55% of H2CO3; the carbon isotopic fractionation between DIC and the CO2 of about 4‰ was 
calculated from the weighed average of the carbon isotopic fractionation factors between H2CO3 and CO2 and 
between HCO3-  and CO2. 
However, the small range of values and lack of corresponding measurements on the gas phase (collection of gas 
samples during eruptions has not yet been possible!) does not put useful constraints on the degassing process.  
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Figure 1: Rayleigh distillation model fit on the measured data from Crystal Geyser. 
We have therefore calculated the predicted į13C values of the total gas and surface DIC as a function of the two 
main controlling variables, 1) the depth at which ascending fluid reaches saturation and 2) the pH, at that depth. pH 
is important because it is a major control on the carbon speciation in the waters which is primarily as H2CO3 and 
HCO3-. The ratio of these species controls the equilibrium isotopic fractionation between CO2 and DIC (Δ13CCO2-DIC) 
since Δ13CCO2-H2CO3 is much less than Δ13CCO2-HCO3- [10]. Δ13CCO2-DIC are also very sensitive to pressure as gas 
saturation concentrations increase rapidly with increasing pressures accompanied by carbon speciation shifts to 
favour H2CO3 over HCO3-.  
In general, for any given pH, the higher the pressure at which degassing starts, the smaller (less negative) the 
carbon isotopic fractionation between the total CO2 and the surface DIC will be because CO2 degassed at greater 
depths has smaller isotopic fractionation factors. The carbon isotopic fractionation between the total CO2 and the 
surface DIC have been calculated as a function of the depth, at which the ascending water reaches saturation and pH 
at that depth. Because available water speciation data sets and programs do not include total CO2 solubility, this 
latter was estimated from [11] for a Na-Cl fluid with equivalent ionic charge to the Crystal Geyser waters. The 
geochemical program PhreeqC with isotopic fractionation and mass-balance unit (database ‘iso’, [12, 13]) was then 
used to calculate carbon speciation, carbon isotopic mass-balance and pH in the fluid as the fluid decompressed and 
degassed approximated by a finite number of steps. The initial solution was taken to have the cation and anion 
concentrations of an average Crystal Geyser water sample (DIC, Ca2+, Mg2+, Na+, K+, Cl-, SO42-) and initial pH was 
varied over the range 4.4 to 5.4. CO2 saturation and speciation were recalculated for each step as the solution was 
decompressed from 50 bars to 1.1 bars, with a step size ranging from 10 and 1 bar with calculated. The weighted 
average į13C of the gas evolved was calculated as a function of the depth degassing initiated between the surface 
and the reservoir depth of 500 m (‘integrated gas’). į13CDIC and pH data at the surface were recorded. The fluid pH 
evolves to more positive values as the fluids degas. 
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Figure 2 displays the profiles of the “instantaneous” carbon isotopic compositions of the DIC and of the CO2 
against depth and illustrates how the equilibrium ҏcarbon isotopic fractionation between the “instantaneous” DIC and 
CO2 (Δ13CCO2-DIC) changes from a small positive value at greater than 100 m depths (1MPa) to increasingly larger 
negative values at depths shallower than 100 m. The carbon isotopic fractionation between the integrated gas and the 
surface fluid DIC is also shown as a function of the depth the fluid reached saturation. This illustrates that the large 
negative isotopic fractionations are dominated by the degassing processes at shallow depths where HCO3- content 
dominates. (Figure 2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Profiles of the “instantaneous” į13CCO2 and į13CDIC, Δ13CCO2-DIC, Δ13Cintegrated CO2-surface DIC against depth 
The magnitude of the carbon isotopic fractionation is also controlled by the pH; Figure 3 is contoured in the 
carbon isotopic fractionation between the integrated gas and the surface fluid DIC plotted against the depth from 
which the degassing started versus the pH at the surface. Again, carbon isotopic fractionations become more 
negative as pH and the fraction of HCO3- increases.  
 
 
Figure 3: Depth from which the degassing started versus the pH at the surface, contoured in the carbon isotopic fractionation between the 
integrated gas and the surface fluid DIC 
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The waters at Crystal Geyser have a pH of ~ 6.46; Figure 3 indicates that with shallow degassing the most 
negative isotopic fractionation factor between total gas and surface DIC is ~ -5.1 ‰, about 1.5 ‰ less negative than 
the carbon isotopic fractionation determined from the measured data. The calculations for the other springs give 
similar results with the discrepancy between the calculated most negative fractionation factor for surface degassing 
and that observed, ranging from 0 to 2.5 ‰. The probable explanation for the discrepancy is that the carbon 
undergoes additional kinetic isotopic fractionation during diffusion of CO2 species towards gas bubbles in the 
degassing process. In order to take into account such an additional process, we ran the same model, presented above,  
but with a kinetic fractionation between H2CO3 and CO2 of 1‰ added to the PhreeqC (iso.dat) database [14]. The 
results provided by this new simulation show that for a pH of 6.46, the carbon isotopic fractionation is now about -
6.4 ‰, if the degassing is shallow, i.e. occurring along the first 100 meters (Figure 4). This new simulation agrees 
fairly well with the observed carbon isotopic fractionation. However, with the present set of data, due to the 
uncertainties on the measured pH (0.1 unit), on the į13CDIC and į13CCO2 measurements (0.1‰), and on DIC 
concentrations (up to 15% of the measured data), it is not possible to put useful constraints on depth at which the 
degassing starts. The coupling of carbon stable isotope data with analyses of noble gas isotopic ratios would better 
constrain the depth of degassing and allow quantitative estimates of CO2 loss. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Depth from which the degassing started versus the pH at the surface, contoured in the carbon isotopic fractionation between the 
integrated gas and the surface fluid DIC, including kinetic fractionation. Due to the sign change for the carbon isotopic fractionation between 
H2CO3 and CO2, in PhreeqC database, the trend of the contour is inverted compared to Figure 3.  
4. Conclusion 
The study of natural CO2-rich subsurface systems provides the opportunity to better constrain the effects of CO2 
on the subsurface, the capacity of saline aquifers to retain injected CO2 and to develop methods to monitor CO2 
leakage. This study suggests that degassing in natural cold-water geysers is a relatively shallow phenomenon and 
that waters in the underlying aquifer are undersaturated in CO2. However, quantitative description of the isotopic 
fractionation requires that the degassed CO2 is fractionated by the kinetic diffusive process during degassing in 
addition to equilibrium isotope fractionations between CO2 and DIC. The magnitude of the kinetic isotope 
fractionation will depend on the physics of the degassing process itself controlled by the dynamics of geyser 
formation (e.g. timing and growth of the CO2 bubbles). 
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